Our previous introduction of transition dipole coupling helped to explain the splittings in the Amide I modes of antiparallel chain pleated sheet polyglycine I. This mechanism has now been applied to the more likely rippled sheet structure of this polypeptide as well as to the pleated sheet structure of poly(L-alanine). A satisfactorily consistent explanation of the splittings in both polypeptides is obtained. Since a previously incorporated interaction constant has not been used in the present treatment, these results show that transition dipole coupling alone can provide the physical basis for understanding these splittings. It is therefore now possible to predict with confidence the hitherto unidentified s<1,Tr) frequency of the antiparallel chain pleated sheet as well as the characteristic frequencies of the parallel chain pleated sheet.
Although the observed frequencies and splittings of Amide I bands have been used extensively to identify chain conformations in polypeptides and proteins, the theoretical basis for these splittings has not been well understood. Miyazawa (1) developed a perturbation treatment for the interaction between amide group modes in polypeptides which has been generally used to interpret the vibrational spectra of polypeptides and proteins (2, 3) . It was shown, however, by Abe and Krimm (4) , on the basis of a detailed normal vibration analysis of an antiparallel chain pleated sheet structure of polyglycine I, that the perturbation terms required by the Miyazawa theory could not be achieved by a general valence force field. They showed that, if direct coupling between C=O stretching vibrations was introduced, the observed splittings could be reproduced in a normal vibration calculation. Furthermore, Krimm and Abe (5) were able to demonstrate that transition dipole coupling provides a physical basis for these interactions, and more effectively explains the Amide I splittings in the infrared and Raman spectra of , polypeptides and proteins. This development, while representing a significant advance in the understanding of Amide I splittings, has presented two problems which need resolution before this theory can be considered completely satisfactory. First, in attempting to extend our force field to I# polypeptides with beta carbon atoms [such as poly(L-alanine), poly(L-alanylglycine), and poly(L-valine)] we have encountered difficulties in reconciling differences in transition dipole coupling between these polypeptides and polyglycine I, even though the intramolecular force field was readily transferable. Second, evidence has recently been presented from electron diffraction (6) and energy calculations (7) that polyglycine I is more likely to have an antiparallel chain rippled sheet structure rather than the pleated sheet structure heretofore assumed. We have recently obtained evidence from normal vibration calculations which supports this proposal (8) , thus making it necessary to re-examine the transition dipole coupling theory as it applies to polyglycine I.
In this paper we present the results of a normal vibration analysis of Amide I splittings in polyglycine I and in poly(L-4933 alanine) as determined by transition dipole coupling. It will be seen that, when the structural differences between these two polypeptides are taken into account, the differences between interaction terms can be very satisfactorily explained. It is also not necessary to invoke the f(C=O, ... *H) interaction force constant which was used previously (9, 5) . These conclusions add support to our previous proposals (4, 5) that transition dipole coupling is the likely physical mechanism that accounts for the splittings in the Amide I modes of , polypeptides.
PERTURBATION THEORY
In the perturbation theory of Miyazawa (1), the frequency of an Amide I mode is given by v(6(,6') = Po + E Dt cos(s6) cos(t6') s.t [1] In this equation: Po is the unperturbed peptide group frequency, D5t is the interaction constant between peptide groups separated by t chains and s groups along the tth chain, and a and 6' are the phase angles between the vibrations in the appropriate peptide groups (see Fig. 1 ).
In the early use of this theory (1-3) it had been assumed that only the Dio and Do, terms were important, but a detailed normal vibration calculation for polyglycine I (4) showed that Dio _ 0. Only by introducing the D11 term is it possible to explain the observed splittings (5), and it has been shown (5) that transition dipole coupling provides a reasonable explanation for the physical origin of this interaction.
If we assume that Dlo = 0 in Eq. [21
For the pleated sheet, the various parameters in [2] depend on the calculated frequencies of the intramolecular force field or on the structure. Thus: (5) that the former can be obtained reasonably from a transition dipole coupling mechanism; the latter has had to be assumed (9, 5) . We have found, however, that if antiparallel chain pleated sheets are used for both polyglycine I and poly(Lalanine), it is not possible to obtain self-consistent predictions. If we assume that polyglycine I is in the antiparallel rippled sheet structure (6) [6] is the geometrical factor.
Our general approach is as follows: From the observed Amide I splittings we obtain the relationships among the Fi1 which are required in order to reproduce the observed frequencies in a normal vibration calculation. The F0 can be calculated from [5] and [6] once a structure is assumed and the appropriate interactions included. The interactions we have incorporated are shown in Fig. 1 , and should be sufficient (10) . We also assume that the transition dipole is located at the same point on the C=O bond in both polyglycine I and poly(L-alanine). This is justified by our normal vibration calculations (8, *), which show that the eigenvectors for Amide I are essentially identical in these two polypeptides (see Table 1 ). We then calculate the Fij as a function of three parameters: the relative axial shift, Az, between adjacent antiparallel chains; the orientation angle, 0, of the transition dipole moment with respect to the C=O bond direction; and the location, AC, of the center of this moment along the C=O bond with respect to the C atom (positive AC is in the direction C -0). The best fit is taken as that which gives the most constant (a,/aS) for all Fij.
For polyglycine I we find that the following relationships are required by the observed Amide I frequencies:
(Xi I + X1l,) = -0.0809 1 am, ||2 cosa -3cosd costy a 2 R SI S.) [3] where E is the dielectric constant (taken as 1), R is the dis- These relationships do not, of course, permit determining the F0 since there are only three observed frequencies and [7] Proc. Nat. Acad. Sci Eqs. [7] is obtained for Az = -0.1 A, 0 = 18.5°, and AC = 0.87 A. For this case (ajs/aS) = 11.5 Debye/A. These results are very satisfying on two counts: the electron diffraction data (6) require Az -0, and the value we obtain for 0 is within the range of 170-250 deduced from experimental studies on a number of molecules containing the peptide group (11) . From the above optimum parameters we obtain: Flo = -0.00524, Fol = -0.333, and F11 = 0.250, from which it follows that Po = 1676.0, D10 = 1.6, Do, = -21.6, and Dil = 16.2 cm-1.
For poly(L-alanine) we find that the following relationships are required by the observed Amide I frequencies: These results are also satisfying, in that 0 is again quite satisfactory, and Az is in the range required by x-ray structure refinement, namely, > -0.45 A, in order that there be good van der Waals contacts (12) .
DISCUSSION
Our results show that transition dipole coupling, without the introduction of the f(C=O, r0. H) interaction constant (5), can provide a physical basis for explaining the observed Amide I mode splittings in the rippled sheet of polyglycine I and the pleated sheet of poly(L-alanine). In fact, the differences in splittings are directly related to the differences in these two structures, and are well explained by the transition dipole coupling mechanism. We find that this theory also predicts an orientation of the transition dipole which is in accord with experimental determinations, as well as a relative axial shift between adjacent chains which is consistent with values derived from x-ray diffraction studies. In fact, it may now be possible to derive the latter more accurately from spectroscopic studies, since there are uncertainties in the x-ray method (6, 7, 12) . It should be noted that the four independent splittings for these two different structures are in effect accounted for by three adjustable parameters: the two magnitudes and the common location of the transition dipole moment. The other geometric parameters are reasonably known from experimental studies, and could have been incorporated as known constants; however, it is significant that, when allowed to vary, they are reproduced by our optimization procedure.
The results of the present theory permit the prediction, as previously noted (5), of the very weak v(7r,ir) mode. From the parameters given above, we find that v(ir,7r) = 1712.2 cm I for polyglycine I and v(7r,7r) = 1728.5 cm-1 for poly(Lalanine). It is possible that a band observed near the latter position in the Raman spectrum of f3-poly(L-valine) (13, 14) is assignable to this mode. As has been shown earlier (5), it is also possible to predict the frequencies of the parallel chain pleated sheet. If we take all interactions between a chain and its two nearest neighbors, similar to those shown in Fig. 1 , and use the structure proposed by Pauling and Corey (15) Transition dipole coupling is thus seen to provide a completely consistent explanation for the Amide I splittings in polyglycine I and in ft poly(L-alanine), and to account for differences in these splittings which arise from structural differences between these polypeptides. It therefore should provide a sound basis for predicting hitherto unidentified frequencies, such as the v(irir) mode of the antiparallel chain pleated sheet and the characteristic frequencies of the parallel chain pleated sheet.
